Abstract. In this present study, the catalytic dehydration of ethanol over three different Al-based solid acid catalysts including H-beta zeolite (HBZ), modified H-beta zeolite with γ-Al2O3 (Al-HBZ) and mixed γ-χ phase of Al2O3 (M-Al) catalysts was investigated. The ethanol dehydration reaction was performed at temperature range of 200 to 400 o C. It revealed that all catalysts exhibited higher ethanol conversion with increased temperatures. At low temperatures (ca. 200 to 250 o C), diethyl ether (DEE) was obtained as a major product for all catalysts. However, with increased temperatures (ca. 300 to 400 o C), ethylene was a major product. Among all catalysts, HBZ exhibited the highest ethanol conversion giving the ethylene yield of 99.4% at 400 o C. This can be attributed to the largest amount of weak acid sites present in HBZ, which is related to the Brønsted acid. It should be mentioned that HBZ also rendered the highest catalytic activity for every reaction temperature. As the results, HBZ catalyst is promising to produce ethylene and DEE from ethanol, which is considered as cleaner technology.
Introduction
Ethylene is an important chemical in petrochemical industries, which is the most widely used as feedstock to produce ethylene oxide (EO) and polymers such as polyethylene (PE), polyethylene terephthalate (PET), and polyvinylchloride (PVC) [1] [2] [3] . At present, ethylene is mainly produced by thermal cracking of petroleum-based products such as naphtha. This process consumes intensive high energy generating large amounts of CO2 greenhouse gas emissions. Therefore, the catalytic dehydration of ethanol to ethylene is an alternative promising way to obtain the reduction of CO2 emission, low production cost and energy consumption [3, 4] since it is cleaner technology than the conventional process. There are many solid acid catalysts used for ethanol dehydration to ethylene, which are efficient in catalyzing the dehydration of ethanol. These catalysts include the supported phosphoric acid, alumina, silica-alumina, heteropolyacid catalysts and zeolites [5, 6] . Furthermore, different transition metal catalysts such as titanium oxides, magnesium oxides, cobalt oxides, chromium oxide and silver salt of tungstophosphoric acid [7, 8] were also investigated for the catalytic dehydration of ethanol. The catalytic activity for dehydration of ethanol could be correlated to the number of strong Brønsted acid sites in catalyst [9] .
In recent years, alumina (Al2O3) and zeolites (alumino-silicate materials) have been used as solid acid catalysts for ethanol dehydration. H-ZSM-5 zeolite has a good performance at lower reaction temperature having higher ethylene yield, but it easily deactivates by coke formation during the reaction due to its smaller pore size and strong acidic properties [5, 10] . Using alumina and/or other types of zeolite or modified H-ZSM-5 as catalysts instead of H-ZSM-5 should be preferred to avoid the coke formation during the process of ethanol dehydration [11] [12] [13] . The physicochemical properties of alumina catalysts depend on the methods of preparation and calcination conditions. There are many methods to synthesize alumina catalysts such as solvothermal synthesis, sol-gel synthesis, flame spray pyrolysis, precipitation, emulsion evaporation, microwave synthesis, hydrothermal synthesis and heat treatment of aluminium hydroxides such as boehmite and gibbsite. The solvothermal and sol-gel methods are commonly used for synthesis of alumina [14] . The γ-Al2O3 and mixed γ-χ phase Al2O3 catalysts were also investigated for this reaction because they exhibit high thermal stability, fine particle size, high surface area, inhibit side reaction and high acidity, which is enough to produce ethylene via ethanol dehydration. It was also found that crystal structures, grain sizes and morphologies can be controlled by process conditions such as solute concentration, reaction temperature, reaction time and the type of solvent [14, 15] . However, there have been no reports of the ethanol dehydration to ethylene over H-beta zeolite (HBZ), which is microporous zeolite having high surface area, high thermal stability and high acidity. Moreover, H-beta zeolite exhibits larger pore size than H-ZSM-5. Hence, it is expected to produce hydrocarbon with less coke deposition due to higher diffusivity in the pore [16] .
In this work, we report the characteristics and catalytic properties of different Al-based catalysts including HBZ, modified H-beta zeolite with γ-Al2O3 (Al-HBZ) and mixed γ-χ phase Al2O3 (M-Al) catalysts over the catalytic ethanol dehydration. The catalysts were characterized using various techniques such as X-ray diffraction (XRD), N2physisorption, scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDX), and temperature-programmed desorption of ammonia (NH3-TPD). The catalytic properties were measure towards the gas-phase ethanol dehydration using a fixed-bed flow microreactor to measure the ethanol conversion and product distribution.
Experimental

Materials
The commercial HBZ used in this study was purchased from Tosoh Corporation. The typical structure of HBZ is shown in Scheme 1. Typical structure of H-beta zeolite (HBZ) [17] .
Preparation of Al-based Catalysts
Besides the HBZ catalyst, other two Al-based catalysts were used and prepared from different methods.
The mixed γ-χ Al2O3 (M-Al) was prepared by the solvothermal method as reported by Janlamool and Jongsomjit [18] . The modified H-beta zeolite with γ-Al2O3(Al-HBZ) was prepared by the modified sol-gel method. First, aluminium isopropoxide precursor was hydrolyzed in solution of ethanol and deionized water with volume ratio of 1:1 by stirring at 80ºC for 1 h and then at 90ºC for 15 minutes. After that, the HBZ was added into the solution with HBZ to Al weight ratio of 1:3.Subsequently, hydrochloric acid was added to the solution, which was stirred at 90ºC for 10 h with the controlled pH of 2.5. After this step, the product became viscous. The formed gel was dried overnight at 110 o C and calcined at 550 o C under air flow for 2 h to obtain the Al-HBZ catalyst.
Catalyst Characterization
All catalysts were characterized by several techniques as follows: X-ray diffraction (XRD): XRD was performed to determine the bulk crystalline phases of sample. It was conducted using a SIEMENS D-5000 X-ray diffractometer with CuKα ( = 1.54439 Å). The spectra were scanned at a rate of 2.4 o min -1 in the range of 2 theta = 10 to 90 o .
N2physisorption: Measurement of BET surface area, average pore diameter and pore size distribution were determined by N2physisorption using a Micromeritics ASAP 2000 automated system.
Temperature-programmed desorption of ammonia (NH3-TPD): The acid properties of catalysts were investigated by NH3-TPD using Micromeritics Chemisorb 2750 pulse chemisorption system. Scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDX): SEM and EDX were used to investigate the morphology and elemental distribution of catalysts, respectively using Hitashi mode S-3400N. Micrographs were taken at the accelerating voltage of 30 kV and magnification ranging from 1,000 to 10,000 and the resolution of 3 nm. The SEM was operated using the secondary scattering electron (SE) mode. EDX was performed using Apollo X Silicon Drift Detector Series by EDAX. Before the SEM observation, the sample was conductive to prevent charging by coating with platinum particle under the ion sputtering device.
Reaction Test
The dehydration of ethanol was carried out in a fixed-bed continuous flow microreactor made from a borosilicate glass with an inside diameter of 0.7 cm and length of 33 cm. The reaction system is shown in Scheme 2. In the experiment, 0.01 g of packed quartz wool and 0.05 g of catalyst were loaded into the reactor. Then, the catalyst was pretreated in argon (60ml/min) at 200 o C for 1 h under atmospheric pressure. The liquid ethanol was vaporized in a flowing of argon by controlled injection with a single syringe pump at a constant flow rate of ethanol 1.45 ml/h [WHSV = 22.9 (gethanolgcat -1 ) h -1 ].The reaction was carried out at temperature ranging from 200 to 400 o C by feeding the vaporized ethanol into the reactor. The reaction was carried out at each temperature for 1 h. The products were analyzed by a Shimadzu GC8A gas chromatograph with flame ionization detector (FID) using capillary column (DB-5). Nitrogen (pressure of 260 kPa) was used as carrier gas in GC using the temperature of injector and detector at 150 o C
Calculation
In this work, the ethanol conversion (XEtOH), ethylene selectivity (SE), diethyl ether selectivity (SDEE), ethylene yield (YE) and diethyl ether yield (YDEE) are defined as follows:
where nEtOH,0 and nEtOH,1 are defined as the molar flow rate (mmol/min) of ethanol in feed and in products, respectively; nE,1, nDEE,1 and ∑ni,1 are defined as the molar flow rate of ethylene, diethyl ether and total products, respectively [4, 19] .
Ethanol reaction system.
Results and Discussion
Catalyst Characterization
The XRD patterns of different catalysts are shown in Fig. 1 . The specific sharp peaks of HBZ catalyst consist of θ at 4.6and .4 o [16, 20] . The characteristic peaks of pure γ-Al2O3 are 46 and 67 o [18] . When adding γ-Al2O3 into HBZ to obtain the Al-HBZ catalyst, XRD peaks were appeared at 14.6, 22.4 (HBZ), 46 and 67 o (γ-Al2O3). It indicated that the main structure of HBZ did not alter with Al addition. It was appeared that the intensity of characteristic peak (22.4 o ) for HBZ decreased with Al addition suggesting that the lower crystallinity of Al-HBZ was obtained. For the M-Al catalyst, the XRD peaks were appeared at 43, 46and 67 o which can be assigned to the presence of γ-Al2O3 (46and 67 o ) coupled with χ-Al2O3 (43 o ) as also reported by Janlamoon and Jongsomjit [18] . The BET surface area (SBET) of catalysts is listed in Table 1 . The HBZ catalyst exhibits the largest surface area of 522 m 2 /g. With Al addition, the decreased surface area (306 m 2 /g) was evident for the Al-HBZ catalyst due to the pore blockage of Al in HBZ. The surface area of M-Al catalyst was 195 m 2 /g. The large surface area helps more opportunities for reactants to contact and react, which would adjust the catalytic activity for ethanol dehydration [4] . The N2 adsorption-desorption isotherms for all catalysts are shown in Fig. 2 . The pore structure of HBZ exhibited the characteristic of microporous structure according to type I classified by IUPAC (International Union of Pure and Applied Chemistry). After the introduction of Al to obtain Al-HBZ, the characteristic of type I was still observed. However, a small hysteresis loop also occurred at P/Po around 0.4 to 0.8 indicating the presence of a small portion of mesoporous structure regarding type IV with introduction of Al. This is corresponding to the decreased surface area of Al-HBZ compared to HBZ. The M-Al showed the pore structure of mesoporous material according to type IV indicating the lowest surface area among other two catalysts. Fig. 2 . The N2 adsorption-desorption isotherms for all catalysts. Figure 3 shows the pore size distribution of catalysts, which are related to the pore structure as discussed from Fig. 2 . The average pore size (Table 1) of HBZ was ca.2 nm (micropore). The average pore size of M-Al was ca.9 nm (mesopore), whereas the Al-HBZ exhibited mainly microporous structure with only a small portion of mesoporous structure as also mentioned above. The difference in pore size diameter and SBET affected the observed productivity in this reaction because the small pore size and high SBET may decrease higher hydrocarbon and byproducts leading to increasing of main product selectivity and ethanol conversion. Moreover, the high SBET would affect to the increased catalytic activity for ethanol dehydration [4] . The morphology of catalysts was determined by SEM as shown in Fig. 4 . It can be observed that morphologies of both HBZ and Al-HBZ were similar spheroidal, but Al-HBZ had a rougher surface than HBZ due to Al deposition. The M-Al showed different morphology with more roughness.
Fig. 4. SEM images of all catalysts.
The EDX analysis was used to quantitatively measure the amounts of elemental composition on the catalyst surface. The results are illustrated in Table 2 . It revealed the chemical composition of each catalyst. The amounts of Al present at surface were in the range of M-Al > Al-HBZ > HBZ, which were reasonable. In other words, the Si/Al ratio of HBZ was the highest. The decreased Si/Al ratio is perhaps related to the decrease in weak acid sites, but increased strong acid sites as well as increased total acidity [21] . Thus, the acid properties of catalysts were determined using NH3-TPD. The NH3-TPD profiles (Fig. 5 ) of all catalysts were similar consisting of two groups of desorption peaks. The desorption peaks at low temperature below 250 o C are assigned to weak acid sites, whereas those above 400 o C are strong acid sites. The number of acid site on catalyst can be calculated by integration of desorption area of ammonia according to the Gauss curve fitting method. The amount of acidity of catalysts is also displayed in Table 1 . It was found that HBZ had the highest amount of weak acid sites. The addition of Al into HBZ resulted in decreased amount of weak acid site, but increased moderate to strong acid sites as well as total acidity. This can be attributed to the addition of Al possibly alter the acid distribution with different Si/Al ratios of catalysts [21] . Furthermore, the slight difference in total acidity of HBZ and Al-HBZ perhaps results from only slightly different Si/Al ratios. However, the addition of alumina into H-beta zeolite may result in slightly increased amount of medium to strong acid site [22] . However, the amount of weak acid site, moderate to strong acid site and total acid site of M-Al were the lowest among other two catalysts. It was reported that the weak acid site is essential for the catalytic dehydration of ethanol to ethylene [4, 5, 22, 23] . Thus, the presence of large amount of weak acid would be beneficial to enhance the catalytic activity. 
Catalytic Properties
It is known that ethanol dehydration reaction has two competitive ways occurred [4] as follows: C2H5OHC2H4 + H2O +44.9 kJ/mol (6) 2C2H5OHC2H5OC2H5 + H2O -25.1 kJ/mol
The first reaction (6) is dehydration of ethanol to ethylene (endothermic reaction), while the second one (7) is side reaction to produce DEE (exothermic reaction). DEE is produced in significant quantities at low temperature. However, ethylene is obtained via ethanol dehydration at high temperatures. The Mechanism of dehydration reaction to ethylene and DEE is shown in Schemes 3 and 4, respectively. Figure  6 shows the ethanol conversion at temperature range of 200 to 400 o C. Ethanol conversion apparently increased with increased temperature. It was found that the HBZ exhibited the highest conversion of ethanol among other two catalysts for all reaction temperature. This can be attributed to the large amount of weak acid sites present in HBZ catalyst. The ethanol conversion for Al-HBZ and M-Al was found to have a similar trend with that of HBZ, where the conversion increased with increasing reaction temperature. However, the conversion obtained from HBZ was the highest. Ethanol dehydration to ethylene at base (B) and Brønsted acid(OH) catalyst sites [24] .
Scheme 4.
Ethanol dehydration to DEE [24] . The ethylene selectivity of catalysts is shown in Fig. 7 . For all catalysts, the ethylene selectivity increased with increasing reaction temperature. The HBZ catalyst produced more ethylene than other two catalysts. However, at 400 o C, the selectivity to ethylene for all catalysts was almost equal. Besides ethylene, DEE is also obtained, especially at low reaction temperature. The DEE selectivity is shown in Fig. 8 . It can be observed that at 200 o C, all catalysts produced only DEE. However, at this temperature, the ethanol conversion was extremely low. Hence, the DEE yield (product of ethanol conversion and DEE selectivity) was quite low. It was found that the M-Al catalyst exhibited slightly higher DEE selectivity than other two catalysts. In order to compare the product yields obtained from catalysts. The product yields were calculated at different temperatures as shown in Table 3 . Considering for ethylene selectivity, the highest ethylene yield was obtained at 400 o C indicating that high catalytic activity as well as ethanol conversion is the highest when compared with low temperature reaction. The increase in ethanol conversion results in increased product yield. At 400 o C, the ethylene yield increased in the range of HBZ > Al-HBZ > M-Al. The DEE selectivity is also interesting. It can be observed that the highest DEE yield (35.3%) was obtained from the HBZ catalyst at 250 o C. The low DEE yield was caused by low conversion. In order to improve the DEE yield, the chemical promoter is perhaps necessary. Chen et al. studied the addition of some chemical promoters to improve the catalytic dehydration. The chemical promoters used for this reaction such as titania, niobia, molybdenum oxide and silica were investigated [19, [25] [26] [27] . Moreover, there were summarized reports of catalytic ability for ethanol dehydration to ethylene over various catalysts (Table 4) . It is shown that HBZ, Al-HBZ and M-Al catalysts in this work are comparable to those of typical and modified catalysts. Ramesh et al. and Duan et al. studied structure and reactivity of modified H-ZSM-5 catalysts for ethanol dehydration. They found that the highest surface area was obtained by unmodified H-ZSM-5 and testing of catalytic activity at 250-500 o C. Then, the result showed that ethanol conversion and ethylene selectivity of modified H-ZSM-5 were lower than that of HBZ for this work. It can be concluded that HBZ exhibited higher catalytic activity than their catalysts [13, 28] . In addition, Chen et al. investigated the modification effects of TiO2-doped on alumina catalysts packed in microreactor. Their results showed that the catalytic activity of their catalyst was lower than that of Al-HBZ and M-Al catalysts at the same reaction temperature [19] . Thus, the HBZ is practical to be applied for the ethanol dehydration to ethylene.
Conclusion
Among all three Al-based catalysts in this study, the HBZ catalyst is the most effective to convert ethanol into ethylene with ca. 99% of ethylene yield (at high temperature, i.e. 400 o C) and DEE with ca. 35.3% of DEE yield (at low temperature, i.e. 250 o C). This is attributed to the high amount of weak acid sites present in the HBZ catalyst. Although, no deactivation of catalyst was found at 400 o C, the stability test towards time on stream (TOS) should be further investigated in future work. Considering the production of DEE from ethanol at low temperature (250 o C), it is possible to use the HBZ catalyst.
